Abstract: In this study, tamoxifen citrate-loaded chitosan nanoparticles (tamoxcL-ChtNPs) and tamoxifen citrate-free chitosan nanoparticles (tamoxcF-ChtNPs) were prepared by an ionic gelation (IG) method. The physicochemical properties of the nanoparticles were analyzed for particle size, zeta (ζ) potential, and other characteristics using photon correlation spectroscopy (PCS), zeta phase analysis light scattering (PALS), scanning electron microscopy (SEM), Fourier transform infrared (FTIR), and differential scanning calorimetry (DSC). The variation in particle size was assessed by changing the concentration of chitosan, pentasodium tripolyphosphate (TPP), and the pH of the solution. The optimized tamoxcL-ChtNPs showed mean diameter of 187 nm, polydispersity of 0.125, and ζ-potential of +19.1 mV. The encapsulation efficiency (EE) of tamoxifen citrate (tamoxc) increased at higher concentrations, and release of tamoxc from the chitosan matrix displayed controlled biphasic behavior. Those tamoxcL-ChtNPs tested for chemosensitivity showed dose-and time-dependent antiproliferative activity of tamoxc. Further, tamoxcL-ChtNPs were found to be hemocompatible with human red blood cells (RBCs) and safe by in vitro cytotoxicity tests, suggesting that they offer promise as drug delivery systems in therapy.
INTRODUCTION
Today, tamoxifen citrate (tamoxc) is the drug of choice for estrogen-mediated treatment among breast cancer patients [1] . The anti-estrogenic (breast) or estrogenic (uterus) activity of tamoxifen is known to be dependent on the level of dose and location of tissue. Both agonistic and antagonistic properties of tamoxifen are being exploited in the treatment of breast cancer and other related diseases [2] [3] [4] [5] [6] . According to de Lima and co-workers, the use of tamoxifen at low dose (0.1 μM) generates oxidative stress and induces either cell proliferation or apoptosis in a dose-dependent manner. Unfortunately, it has been documented that dose-dependent tamoxifen therapy would induce liver cancer, increased blood clotting, retinopathy, and corneal opacities [7] . From reports, it is clear that repeated treatment would produce an acquired tamoxifen resistance followed by tumor progression [1] . In recent years, site-directed drug delivery has become a useful tool in the pharmaceutical area offering a wide range of actual and perceived advantages to some of the chronic diseases. In order to overcome certain undesirable side-effects, biodegradable polymers of colloidal range are being developed to deliver drugs in negligibly smaller doses to the target of interest [8, 9] . Polymeric nanoparticles have been found to be good vehicles for the delivery of hydrophobic and hydrophilic drugs because they avoid possible degradation by enzymes [9, 10] . In addition, high-quality chitosan from natural sources is being preferred to develop nanoparticles owing to its exceptional biodegradability, biocompatibility, and nontoxicity. Of several methods used, an ionic gelation (IG) method developed by Calvo and co-workers has been found to be the suitable system to prepare stable and biocompatible chitosan nanoparticles (ChtNPs) [11] [12] [13] [14] . In the present study, we have attempted to prepare biodegradable tamoxc-loaded chitosan nanoparticles (tamoxcL-ChtNPs) and tamoxc-free chitosan nanoparticles (tamoxcF-ChtNPs) by an IG technique. Such nanoparticles can be characterized for physicochemical properties and evaluated for their hemocompatibility and cytotoxicity studies against both MCF-7 and Vero cells [15] [16] [17] [18] .
MATERIALS AND METHODS

Materials
Chitosan (MW of 30 kDa) was a gift sample from Laxmish I P, Cochin Central Marine Fisheries Research Institute, Cochin, India. Tamoxc was a kind gift from Arex Laboratories, Mumbai. Pentasodium tripolyphosphate (TPP) was purchased from Sigma (St. Louis, MO, USA), and acetic acid was purchased from Hi-media Chemical Co. (Mumbai, India). Double distilled water was used throughout the study. All other reagents were of analytical grade unless otherwise stated.
Determination of degree of deacetylation (DD)
The content of the acetyl group in the chitosan samples was determined by titrimetric method [19] . A standard acid-base titration was performed using phenolphthalein as an indicator. A 1 % chitosan solution (in acetic acid) added to phosphoric acid (1:1, v/v) was titrated against 0.1 M NaOH using phenolphthalein as an indicator. The DD of the chitosan sample can be obtained using the following formula:.
where m = amount of chitosan (mg) used and V = difference of the 0.1 M NaOH used between the chitosan solution and standard.
Preparation of tamoxc-loaded chitosan nanoparticles
ChtNPs were produced based on an IG of TPP and chitosan, as described elsewhere [20] . Nanoparticles were spontaneously obtained upon mixing the aqueous 0.08 % (w/v) TPP solution (1.2 ml) with acidic 0.2 % (w/v) chitosan solution (3 ml) using a magnetic stirrer at room temperature. TamoxcL-ChtNPs were formed by the addition of tamoxifen dissolved in methanol (5 mg/ml) to chitosan solution and followed by the TPP solution in a dropwise manner. TamoxcL-ChtNPs formed were concentrated by centrifugation (Beckman T 20 rotor, USA) at 16 000 g in a 10 μl glycerol bed for 30 min. The supernatants were discarded, and resultant nanoparticles resuspended in water with sucrose (5 %) and lyophilized (Labconco, Kansas City, MO, USA). In order to examine the effect of concentration of reacting molecules on particle size and encapsulation efficiency (EE), a range of chitosan (0.100, 0.120, 0.144, 0.160, 0.200, 0.250, and 0.300 % (w/v)) and TPP (0.020, 0.040, 0.060, 0.080 and 0.100 % (w/v)) were used. TamoxcF-ChtNPs were prepared in the same way by omitting the drug tamoxifen. 
Physical characterization of ChtNPs
Morphology of ChtNPs
Scanning electron microscopy (SEM) was performed using a LEO 1530 (LEO Electron Microscopy Inc., Thornwood, NY) operating between 15 and 20 kV with a magnification of 10 to 15 K and scan speed of 10 to 12. The samples were deposited on carbon stubs, dried at room temperature, and coated with a gold layer using a Cressington sputter-coater with a rotary planetary-tilt stage, along with a thickness controller.
Particle size distribution
The nanoparticle size was determined by photon correlation spectroscopy (PCS) (Zetasizer 4000, Malvern Instruments Ltd., Malvern, UK). It's a routine method to determine the mean hydrodynamic diameter and the particle size distribution (polydispersity index, PDI = 22/Γ 2) of the nanoparticles. The dynamic light-scattering measurements were done with a wavelength of 532 nm at 25 °C with an angle detection of 90º.
Determination of ζ-potential
The zeta (ζ) potential of ChtNPs was measured from the mobility of the electrons of nanoparticles using laser doppler electrophoresis (Zetasizer Nano series, Malvern Instruments Ltd., Worcestershire, UK). The measurements were carried out in a 1 mM/L solution of NaCl (pH 6.8) by adjusting suitable dilutions (1/200, v/v) of the nanoparticle suspensions.
Fourier transform infrared spectroscopy (FTIR) analysis
The FTIR spectrum of the specimen was recorded with Nicolet IR 200 (Thermo Electron Corporation, USA). FTIR spectra were taken in the wavelength region 4000 to 400 cm −1 at room temperature using potassium bromide pellets (Merck, IR grade) for tamoxcF-ChtNPs, tamoxcL-ChtNPs, and tamoxc. The samples were allowed to form pellets at pressure of 10.3 × 10 4 Pa.
Differential scanning calorimetry (DSC)
The thermal behavior of the tamoxcF-ChtNPs, tamoxcL-ChtNPs, and tamoxc was characterized by DSC (Mettler-Toledo DSC). Approximately 3 to 6 mg of the freeze-dried particles were weighed into an aluminum pan. The nanoparticles were heated from 30 to 360 °C at a heating rate of 10 °C/min per cycle. Inert atmosphere was maintained by purging nitrogen at the flow rate of 100 ml/min.
Evaluation of encapsulation efficiency (EE)
The drug content in the prepared tamoxcL-ChtNPs was calculated by the difference between the total amount of tamoxc added during the preparation and the amount of drug present in the supernatant after centrifugation. The tamoxc present in the supernatant was determined spectrophotometrically by reading the absorbance at 249 nm (UV-vis spectrophotometer Shimadzu 1650, Kyoto, Japan).
Drug release studies
Drug release studies were carried out by dialysis method. TamoxcL-ChtNPs were redispersed in pH 7.4 PBS (5 ml) and taken into dialysis membrane bag (12 kDa) after tying at both the ends. The bag was placed in PBS (150 ml) containing jar and incubated at 37 °C in a continuous shaking water bath at 50 rpm. The amount of tamoxc released was measured by sampling out 1 ml each time at predetermined time intervals (0.5, 1, 2, 3, 4, 6, 8, 10, 12, 16, 20, 24, 36 , and 48 h). From an aliquot, the amount of tamoxc released was determined spectrophotometrically at 249 nm. A standard calibration curve was drawn using tamoxc as reference standard.
Blood compatibility
Whole blood was obtained from three healthy men (22-31 years old) and added with EDTA. The contents were mixed thoroughly. Red blood cells (RBCs) were collected by centrifuging whole blood at 1000 g for 20 min. The RBCs were washed thrice with a saline solution before being diluted with a buffer to prepare erythrocyte stock solutions with fixed concentrations of hemoglobin (3:1 centrifuged erythrocytes:buffer saline solution). Hemolysis experiments were in accordance with a method used in our previous study [21] . Freeze-dried tamoxcF-ChtNPs, tamoxcL-ChtNPs, and tamoxc were redispersed and sonicated in a saline solution to give 0.2 % suspensions. 100 μL of tamoxcF-ChtNPs, tamoxcL-ChtNPs, and tamoxc suspension with different concentrations were added to 1 ml of an erythrocyte stock solution. The mixtures were incubated for 1 h at 37 °C in water bath (ILE Instruments, Bangalore, India). After the centrifugation (4000 g for 10 min), an aliquot of the supernatant was read at 540 nm. The supernatant was dissolved in 2 ml of saline. The saline solution alone was used as a negative control (0 % lysis) and the distilled water as a positive control (100 % lysis). The amount of released hemoglobin was determined spectrophotometrically (UV 1650 PC Shimadzu) at 540 nm. Percent hemolysis was calculated using the formula
In vitro cytotoxicity assay
Cytotoxicity of tamoxcL-ChtNPs against MCF-7 and Vero cells MCF-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma, Dorset, UK) without phenol red and supplemented with 10 % FBS. The cell culture medium was maintained at 37°C in a humidified incubator containing 5 % CO 2 atmosphere. Trypsinized confluent cell monolayers (75-80 %) and the cells in the exponentially growing phase were used for cytotoxicity experiments.
MTT assay for in vitro cell viability studies
The cytotoxicity tests of tamoxcL-ChtNPs and tamoxcF-ChtNPs against MCF-7 and Vero cells were assessed using MTT assay [22] . The cytotoxicity of the nanoparticles was determined after 24 h incubation with MCF-7 and Vero cells. To determine cell cytotoxicity/viability, the cells were plated at a density of 5 × 10 3 cells/well (optimal seeding density) in 96 well plates at 37 °C in 5 % CO 2 atmosphere. After 12 h of incubation, the medium in the wells was replaced with the fresh medium containing nanoparticles of varying concentrations. After 24 h, MTT dye solution (20 μl, 5 mg/ml in phosphate buffer pH-7.4) was added to each well. The incubation was further continued for another 2 h at 37 °C and 5 % CO 2 for exponentially growing cells. Then, the medium in each well containing unbound MTT and dead cells was removed by suction. The formazan crystals were solubilized with 100 μl of DMSO, and the solution was vigorously mixed to dissolve the reacted dye. The absorbance of each well was read on a microplate reader (SQuant Biotek) at 540 nm. The control experimental medium contained no nanoparticles. The samples were maintained with uniform drug concentration. The spectrophotometer was calibrated to zero absorbance using culture medium without cells. 
Statistical analysis
All the experiments were conducted in triplicate. The statistical analysis of experimental data utilized the Student's t-test, and the results were presented as mean ±S.D. Statistical significance was accepted at a level of p < 0.05.
RESULTS AND DISCUSSION
Effect of parameters on the particle size and entrapment efficiency SEM revealed the spherical nature and a narrow size distribution of tamoxcL-ChtNPs and tamoxcFChtNPs that were efficiently prepared using an IG method in the presence of TPP as cross-linking agent (Figs. 1a, ticles size, size distribution, and drug EE of ChtNPs were studied. We prepared the nanoparticles by changing one variable and keeping other two variables constant in each experiment. The influence of pH was evident on incorporation of tamoxc into the chitosan nanoparticles. This may be due to the hydration of free-amino groups of chitosan in aqueous acetic acid (pH ±3.05). The chitosan with a pK a of 6.3 is polycation when dissolved in acid and presents free -NH + 3 sites. Similarly, sodium tripolyphosphate (Na 5 P 3 O 10 ) in aqueous system dissociates to give both hydroxyl and phosphoric ions. Hence, the cross-linking of chitosan would mainly be dependent on the availability of the cationic sites on the chitosan and the anionic sites on the TPP.
The nanoparticles were much bigger at pH 2 (389 nm with PDI 0.187) in comparison to pH 4 (226 nm with PDI 0.164) and pH 5 (294 nm with PDI 0.157) of chitosan solution with chitosan (0.1 %) and TPP (0.6 %) (Fig. 2a) . Surprisingly, a sudden decrease in size of the particles was noticed at pH 3 (187 nm with PDI of 0.125) that may be due to saturation of TPP binding with the available free-amino groups of chitosan. Upon adjusting the pH of TPP to 3 produced phosphoric ions to interact with the available -NH + 3 groups of chitosan that resulted in the formation of smaller nanoparticles. A slightly larger particle size at higher pH was noticeable, and it may be due to the presence of both OH -and phosphoric ions, which might compete with each other to interact with the -NH + 3 of chitosan. The chitosan-TPP complex at lower pH was formed by the ionic interaction between positively charged chitosan and negatively charged phosphoric ions while at the higher pH, deprotonation of -NH + 3 groups of chitosan was understandable. The increase in particle size at pH 4 and 5 might be due to the degree of deprotonation of amino groups of chitosan. During the process of interaction, deprotonation of free-amino groups (pK a 6.4) had led to weaker ionic interactions between the -NH + 3 groups and TPP anions. To determine the effect of chitosan concentration on size of the nanoparticles, pH and TPP (pH 3 and 0.6%) variables were kept constant and chitosan concentration was varied. Chitosan solution concentration ranging between 0.05 and 0.1 % was able to produce the smaller sized particles (112 and 187 nm) with size distributions (PDI) of 0.069 and 0.125, respectively. But, the size of the particles began to increase on increasing the concentration of chitosan solution from 0.1 to 0.25 % to yield larger particles ranging from 349 to 650 nm with PDI of 0.125 to 0.349 (Fig. 2b) . The results could be attributed that increased concentration of chitosan solution in the preparation system would certainly influence on the viscosity rise. While determining the effect of TPP concentration on the size of nanoparticles, the pH 3 and chitosan concentration (0.1 %) was kept constant and the TPP concentration was only varied. An incremental rise of TPP from 0.2 to 1.0 % caused a decrease in particle size gradually until 0.6 % (317 to 187 nm) with narrow size distributions (PDI) of (0.284 to 0.125). Further, the addition of TPP influenced the size increase at 0.8 % (361 nm with 0.364 PDI) and 1.0 % (386 nm with 0.256 PDI) concentration (Fig. 2c) . This increase in the particle size may be due to saturation of cationic groups (-NH + 3 ) on chitosan solution to the incoming anionic groups (P 3 O -5 10 ) from TPP. From data, it was evident that chitosan nanoparticles could only be produced when used in a specific concentration range of chitosan and TPP. Any change in the concentration of TPP and chitosan might lead to either particle aggregation or no particle formation [23] .
The DD of chitosan was calculated by titrimetric method with phosphoric acid and 0.1 M sodium hydroxide using phenolphthalein as an indicator. It was found to be 87.26 % DD responsible for increased water absorption capacity of chitosan. This rise was inversely proportional to percent deacetylation and EE as reported by others [24, 25] . The chitosan nanoparticles prepared showed a good EE ranging from 34.91 to 82.14 %. There was a linear decrease in EE (82.14 % to 67.5 %) with an increase in pH of the solution (Fig. 3a) . It was comparable from earlier reports that maintaining the pH of the solution at the isoelectric point would improve the EE of the particles [26, 27] . The EE of tamoxcL-ChtNPs was decreased from 69.4 to 34.91 % with respect to increase in chitosan concentration. When the concentration of chitosan was fixed at 0.1 % there was a slight increase in EE of 72.4 % (Fig. 3b) . The EE of tamoxc in tamoxcL-ChtNPs was increased from 63.9 to 74.23 % with respect to increase in TPP from 0.2 to 0.8 %, but further increase in TPP to 1 % decreased the EE to 69.41 %. This decrease in EE at 1 % of TPP may be attributed to the saturation of the polymer matrix with the TPP, which helps form the particles (Fig. 3c) . ζ-potential is an index to the stability of the nanoparticles. In most cases, the higher the value of ζ-potential the larger the amount of charge on their surface, which leads to strong repulsive inter action among the nanoparticles, thus resulting in higher stability and more uniform size of the nano particles. In the present study, positive ζ-potential is exhibited by both tamoxcF-ChtNPs and tamoxcL-ChtNPs ranging between +9 to +30 mV. The ζ-potential of the tamoxcF-ChtNPs and tamoxcL-ChtNPs is summarized in Table 1 . Among the formulations observed, the tamoxcL-ChtNPs possessed higher ζ-potential than the tamoxcF-ChtNPs, this could be accounted for deposition of the tamoxc on the surface of the particles. This difference in potential of the formulations may be due to decreased -NH 3 + groups leads to decrease ζ-potential and absorption phenomenon of anionic molecules of the acidic system. In the same way, increased potential is mostly due to the increased -NH 3 + groups and drug adsorptions on the surface of the nanoparticles. (-NH) were taken into account. Among two varieties of nanoparticles, the spectrum of tamoxcL-ChtNPs looked different from that of tamoxcF-ChtNPs. In comparison, the peak 3436 cm −1 of tamoxcF-ChtNPs was much wider than tamoxcL-ChtNPs, indicating stretching of hydrogen bonds (Figs. 4c,d) . A peak at 1596 cm −1 noticed in tamoxcF-ChtNPs was found to be shifted in tamoxcL-ChtNPs along with a peak at 2932 cm −1 of the drug tamoxc. From the dissolution point of view, the solvation of chitosan is related to the protonation of free amine groups and breakdown of strong intra-and intermolecular hydrogen bonding. The H-bonding established through -NH 2 linkage makes the molecule behave as a resonating structure owing to unshared electron pairs that are less available for protonation. In addition, nitro groups withdraw electrons, making them less accessible at the secondary amide and primary amide groups during interaction. It is evident from the graph that there is a possible interaction between tamoxc and chitosan. A shift in the peak of tamoxcL-ChtNPs indicates the interaction of chitosan with tamoxifen. The change indicates encapsulation of tamoxifen to form ChtNPs successfully. Since the surface of tamoxifen (with little negative charges) has an affinity toward chitosan, polycation chitosan could bind tamoxifen by the electrostatic interaction and chemical reaction.
Differential scanning calorimetry (DSC)
DSC studies were conducted using Mettler-Toledo DSC. The thermogram of tamoxcF-ChtNPs showed endotherm at 154.2 °C with enthalpy of fusion 377.8 J/g and exothermic peak at 280.0 °C (Fig. 5a ). The thermal event observed at 280.0 °C was due to the decomposition of the polymer. It was different in the case of tamoxcL-ChtNPs where the thermogram at 164.5 °C exhibited an endothermic change with a slightly wider peak showing onset and endset trends at 140.7 °C and 184.6 °C, respectively (Fig. 5b) . Interestingly, a characteristic endothermic peak at 146.1 °C was noticeable with enthalpy change by 392.6 J/g. This corresponded to the peak of tamoxc at 146.1 °C with enthalpy of fusion at 103.4 J/g ( interactions (e.g., plasticizing effect of drug on polymer) can be observed as peak shifts in the DSC thermo gram. From data, a shift in the peak can be observed in the tamoxcL-ChtNPs as it shows the peak at 146.19 °C with an additional peak at 187.56 °C. This may be due to interaction of the tamoxc with chitosan. The observations made by other researchers have also emphasized similar results assumed to be due to increase in the polar groups. As crystalline domains of chitosan nanoparticles exhibit cross-linking, it enhances the H-bonding leading to hold more water. Hence, the water-holding capacity of any given polymer would be different from its cross-linked polymer at set conditions [28] .
Drug release studies
Drug release studies were carried out at physiological pH 7.4, and the profile of tamoxc release from tamoxcL-ChtNPs (Fig. 6 ) was compared with the free-tamoxc as reference standard. When compared to the release of tamoxc from tamoxcL-ChtNPs, the release was much slower than the release of freetamoxc from the dialysis bag in 6 h. The release of encapsulated tamoxc from tamoxcL-ChtNPs was an initial burst of more than 35 % from the dialysis bag, it established just in an hour. In fact, about 35.94 % (~0.90 mg) drug release was observed in the first 12 h, later the release of drug was comparatively much slower, which continued to release until 48 h. The delay in release of tamoxc from tamoxcL-ChtNPs was much slower in the later phase and took nearly 48 h in order to get release 47.34 % (~1.19 mg) out of 2.5 mg of the drug in the formulation. This kind of rapid release followed by slow and sustained release of tamoxc appears to be indicative of biphasic release pattern of the tamoxcL-ChtNPs. This may be because of the tamoxc that was embedded in the chitosan matrix of nanoparticles, which might have taken a little extra time to get released from the encapsulating polymer (Fig. 6) . The difference in release from the dialysis bag for both free tamoxc and loaded tamoxc is evidently attributed to the prolonged release function of the nanoparticle [29] . This means that tamoxc in tamoxcL-ChtNPs can be released slowly and kept at a constant concentration for a long period both in vitro and in vivo, which is very important for the clinical application. exhibited reduced hemolytic activity to make them fit for pharmacological applications. The nanoparticles were nontoxic to cells even at high concentration of nanoparticles. The in vitro studies proved the cytotoxicity of tamoxcL-ChtNPs in a dose-and time-dependent manner against MCF-7 and Vero cells. The results of this study are very encouraging for the development of chitosan nanoparticles as an intracellular delivery system for drugs. Because of their MCF-7 and Vero cells targeting capabilities, investigations with chitosan nanoparticles for receptor-mediated endocytosis would be advantageous. Further, employing nanoparticles of chemotherapeutics in targeted drug delivery applications suggests a special focus on reduction in side-effects as well as dosing frequency to one and merits further evaluation using an appropriate animal model for patient's compliance is warranted.
